Abstract. 2014 The aim of this work is to present an experimental procedure to measure directional Compton profiles by means of electron energy-loss spectroscopy in the transmission electron microscope. In order to obtain unique profiles with a well defined orientation in momentum space a symmetric two-beam scattering geometry taking advantage of crystal symmetry was developped. Measurements on single crystal silicon are discussed in comparison to results of other Compton scattering techniques and theoretical calculations.
Recent work has shown the feasibilty of our combined Jeol 200CX-TEM, GATAN 666-PEELSsystem for experimental Compton work [16, 8, 17] . The effective momentum resolution, depedend on the angle of convergence of the primary electron beam incident on the specimen, spherical and chromatic aberration of the post specimen lenses, the diameter of the spectrometer and finally by the energy resolution, which can be achieved at present with our system is 6p% = 0.135 atomic units 1 [9] . By means of Fourier-techniques based simulations the impact of multiple scattering upon the Compton profiles have been shown; deconvolution routines and an approach to the elastic background problem were developped [21, 9, 10] .
The scope of this work is to discuss on the example of single crystal silicon, (i) a special kind of scattering geometry taking advantage of crystal symmetry which enables us to measure unique profiles with a well defined direction in momentum space and (ii) some results of electron scattering in comparison with theoretical Compton profiles and the outcome of photon Compton measurements.
Specimens.
Silicon was chosen to serve as test material since it is well documented in literature, easy to prepare for the microscope and quite inert to oxidation. A number of experiments with aluminum showed that materials which are easy contaminated by oxygen are not suited for electron Compton measurements; results of aluminum will therefore not be presented since they bear no scientific information except that oxidation is a huge problem related to this kind of transmission scattering technique. The reason is that one ought to use specimens as thin as possible to reduce multiple scattering and therefore an additional oxygen-layer strongly alters the outcome by covering the real signal to be measured.
Single crystal samples have been available in three orientations [100] , [110] and [111] . Disks of 3 mm diameter have been cut out of the respective wafer by means of an ultrasonic drill and were mechanical thinned on a fast rotating cast iron disk to obtain a flat parallel-sided sample of thickness around 100 03BCm. A dimple grinder was used for grinding circular dimples on one side down to a remaining thickness in the middle of the depression of 30 03BCm. Finally Ar+-ion milling was used to get specimen areas of reasonable thickness for the purpose of EELS, i.e. d 150nm on the edge of the narrow hole which occurs due to the ion bombardement.
The thinning process showed reasonable results although a compromise had to be made between the requirements conceming the thickness of the specimen which had to be as thin as possible and the fact that the crystal tended to bend the thinner it was. Due to the fact that the samples available were bent it was necesarry to focus the electron beam on areas not larger than 3-4 03BCm in diameter in order to assure that the part of the crystal illuminated had a well defined orientation. The demand for a reduction of the number of Bragg-diffracted beams can be achieved by tilting the specimen away from the zone-axis into a two-beam case. Placing the spectrometer aperture exactly on the axis of symmetry we now measure two Compton profiles of the same scattering angle 2 and if the crystal obeys certain symmetry relations it is possible that these two Compton profiles are of equal direction in momentum space (see Fig. 1 ). We will discuss this point in the following particullary for the case of silicon.
We use the fact that the momentum density distribution p(p) must be invariant to all operations of the point group of the crystal lattice in addition to having inversion symmetry p(p) = p(-p) [14] . Then [7] .
Another consequence of the fact that we are not totaly free in choosing the direction in momentum space is that we might loose information due to the high symmetry of the crystal; we will discuss this point for the high indexed Bragg reflections in 4. Raw data.
The experimental procedure to obtain directional Compton profiles by means of electron energyloss spectrometry in a transmission electron microscope, which can be compared to Compton profiles from calculations or other measurements is described in detail elsewhere [9, 10] . This procedure includes removal of detector caused noise, 'elastic'-background subtraction, deconvolution with respect to plasmon-Compton channel coupling, deconvolution with respect to a finite momentum resolution and normalization of the resulting profile. [13, 14] .
Using the fact that the momentum distribution p(p) must remain invariant under all operations of the point group of the crystal, p(p) may be expanded in lattice harmonics of the proper symmetry; for a cubic crystal these functions are the cubic harmonics [12] From (4) it is straight forward to show that the Compton profile can also be expanded in a series of cubic harmonics [13, 2] (hkl) denotes The crucial point in this procedure, of course, is the convergence of the expansion (5). The l-th order harmonic is built up from terms of the form sinz cosj ~, with i + j = l; thus, if the expansion is truncated at 1 == A it will never be able to reproduce angular variations in J(pz) on a scale 03C0/03BB. Unless a very large number of Compton profiles is available, the reconstructed angular variation of the profiles will therefore always contain a residual smearing. 6 . Tables of calculated and measured Compton profiles.
For a comprehensive discussion of the measured electron Compton profiles, some calculated and experimental Compton profiles from other groups shall be given in the following.
A set of 3 different theoretical calculations have been available in a way so that they could be compared to our measurement. Two of them are based on LCAO models using Hartree-Fock wavefunctions, they are (i) by Seth et al. [19] hereafter denoted HF1 and (ii) by Angonoa et al. [1] hereafter denoted HF2. The third approach is a full potential augmented plane wave FLAPW calculation by Blaas [3] .
The results of Seth [19] were given in form of the coefficients G"d in the expansion of the momentum density of the valence electrons, the first 4 cubic harmonics are listed in [11] . Since it is supposed to be isotropic in [24] . This argument holds, qualitatively, also for the case of a tilted crystal, therefore we may expect the major deviation from the simulation in the pre-Compton energy-loss region. Nevertheless we observe from figure 3 that the spectra seem to be not broadénd at all on their low energy-loss side.
By tilting the crystal away from the two-beam case into the systematic row, the residual influence of Bragg-Compton channel coupling may be demonstrated experimentally. Figure 4 gives two spectra measured under equal conditions except that the orientation of the crystal has slightly been changed from the two-beam condition (a), to the respective systematic row (b). The intensity of the high energy-loss side remains almost unchanged, indicating that any side reflection does not significantly influence this feature. The low energy-loss side changes according probably to the changing excitations strength of the Bragg-reflections in the very vicinity of the spectrometer aperture. Figure 4c proves that the two profiles, after beeing converted to a momentum scale and normalized, are identical within the statistical limits4.
b) The c) If the effective momentum resolution of the measurement is worse than the assumed resolution in the simulation we may also expect a deviation of the experimental profile from the simulated. Nevertheless such a deviation has got to be symmetric with respect to the (4) The noise in the profiles due to counting statistics is indicated by the error bar; it was determined from the raw data ta be ::i:l % at Pz =0.
Compton profile peak and it can be shown by means of the multiple scattering simulation that thé quantity of the deviation can not be explained by a limited momentum resolution. d) As shown by Su et al. [21] plasmon-Compton channel coupling alters the spectra mainly on their high energy-loss side which would qualitatively confirm the experimental observations. Since the simulated spectra do account for the plasmon-Compton channel coupling it follows that the effects of plasmon-channel coupling upon the profile are far below the observed broadening effect. Such a strong deviation from simulated profiles could only be explained by a grossly wrong assumption of the cross section for plasmon excitation in the simulation; this is very unlikely.
In the following we will discuss some measured electron Compton profiles obtained in a highindexed two-beam scattering geometry (~4, 0, 0~, ~4, 2, 2~). First we will compare the measured direct profiles Jexp(pz) to theoretical HF2-profiles Jth(pz) on a momentum scale which refers to p... Figure 5 shows several difference profiles AJ = Jth 2013 Jexp between the measured electron Compton profiles in the (19, 3, 2) , (22, 19, 4) and (9, 5, 4) -direction in momentum space and the respective theoretical HF2-profiles.
Some direction dependent deviations from the theoretical profile indicate a disagreement of the measurement with the calculation due to possible insufficiencies of the theoretical model in use. But as already discussed we observe a second kind of deviation for all profiles at momentum values around px = 1 a.u. that kind that the experimental profile is too broad in the transfer region between the valence electron profile and the core electron profile. This deviation is not reproducible in its quantity and it seems not to be dependend on the crystal orientation in a systematic manner; therefore we cannot ascribe this effect any relevance concerning the physical properties of the sample to be measured.
The same picture but even worse arises when we compare the measured profiles Jexp(pz) with those obtained by the 03B3-ray measurements JR03B3 (Pz) which have been reconstructed from table VIII. Figure 6 displays the differences 0394J = JR03B3 -Jel for two (19, 3, 2) and (22, 19, 4) . Since systematic errors are supposed to vanish when calculating differential profiles, we may expect to observe differential profiles which are closer to the theory, provided that the deviations described above are of the same quantity in both profiles which are to be subtracted. Figure 9 shows differential profiles between the directions ~19, 3, 2~ and ~22, 19, 4~ obtained in two independent measurements compared to those of the HF2-theory (Fig. 9a) , respective to the HF1-and FLAPW-theory (Fig. 9b) Figure 10 compares the electron scattering results with those of the reconstructed 03B3-ray and X-ray values; we observe that the photon measurements are more likely the HF1 and FLAPW calculations since they exhibit a zero crossing in the region p,, 0.4 a.u.. The direction in momentum space which has been achieved with the measurement in the (4,2,2)-case near the [011] zone axis, tilting the specimen for an angle of 4J = 11° and selecting a scattering angle of q = 15.2 is (9, 5, 4) . The angle (3 to the direction (22, 19, 4) [15] , have been able to measure an anisotropy qualitatively equal to the theoretical predictions. Therefore we may conclude that it seems that the electron experiments are less sensitiv than the photon experiments.
Conclusions.
A transmission electron microscope equipped with a parallel electron energy-loss spectrometer is under particular conditions suited for the measurement of momentum density distributions of charge carriers in a solid on a scale of 03BCm. At present the momentum resolution which can be achieved in the TEM is comparable to modern synchrotron experiments using bent crystal spectrometers. This resolution could be enhanced at the expense of the count rate, demanding either an electron source of higher effectivity (field emission gun) or a detection system which is capable of single electron detection. 
